INTRODUCI'ION

MIXED wastes are low-level radioactive wastes ( LLRW)
that exhibit one or more of the hazardous chemical waste characteristics of ignitability, corrosivity, reactivity, and toxicity, as defined under Title 40, Code of Federal Regulations Part 26 1 (40 CFR Part 26 1 ). Common examples ~ of these wastes include radioactively contaminated organic solvents, lead shielding, and carcinogenic hexavalent chromium solutions (Bowerman et al. 1986) . Used scintillation fluid once accounted for the largest fraction of mixed wastes, but deregulation by the Nuclear Regulatory Commission (NRC) in 198 1 ( 10 CFR Part 20.306) eliminated most of it from this category.
The term "mixed waste" arose because these materials fall under the dual and conflicting jurisdictions of the Environmental Protection Agency (EPA) and the NRC. In some areas of the United States, this waste is also regulated by local agencies. In 1985, the EPA ruled that mixed wastes cannot be accepted for disposal as LLRW unless the facility possessed a Resource Conservation and Recovery Act Part B permit, which none of the operating commercial LLRW sites in the U.S. has.
The major obstacle for mixed waste disposal is that shallow land burial is the most common disposal technology used (Manuscripr received 7 November 1990, revised manuscript recewed 9 April I99 1, accepted 29 April I99 I ) today for solid LLRW in the US., and the EPA specifically forbids such burial for hazardous chemical wastes. While this situation may change as regional compacts and states develop new disposal sites and adopt new technologies in response to the Low Level Radioactive Waste Policy Amendments Act of 1985, other options are not readily available today.
Hazardous waste that is contaminated with radioactivity, even at very low concentrations, may not be disposed of as chemical waste and it may be stored on-site for only 90-180 d, depending on the proximity of a permitted waste disposal facility. As a result, no legal outlet currently exists for the disposal of mixed waste. Unless the NRC deregulates mixed waste, only two alternatives remain: eliminate their generation (impractical in many cases) or separate the radioactive contaminants from the hazardous chemicals so that they may be disposed of sep arately. At The Rockefeller University, mixed wastes consist primarily of used organic solvents that have been contaminated with 'H-or ''C-labeled biomolecules and their precursors, e.g., amino acids, peptides, nucleotides, intermediates, and metabolites. While these wastes contribute less than 1 % to the University's total LLRW volume, the use of radiolabeled chemicals is integral to modem; biomedical research and, hence, the generation of small volumes of mixed waste will continue in the future.
We have characterized the mixed wastes produced during biomedical research at our institution, their chemical and radioactive composition, and the laboratory procedures that generated them. A variety of simple benchscale separation and treatment protocols were also evaluated and are discussed in terms of practical handling and safety. This work should assist laboratory personnel who generate mixed waste as well as those responsible for its management.
METHODS
Radioactive characterization
The radioactivity in samples was determined by adding 0.1 mL of each mixture to 6.0 mL of scintillation cocktail* in 7-mL borosilicate glass minivials. Samples were mixed by repeated inversion and stored in the dark for 30 min prior to counting for 1 min in / 3 and y * counters. For / 3 emitters, counting windows corresponded to the maximum energies for 'H, I4C, and "P (i.e., 0-18.6, 18.6-156, and 156-1710 keV, respectively); a wide, 15-2000 keV window was used on the y counter. Internal ' H and 14C standards indicated that counting efficiencies were 55-602 and 90-94%, respectively.
Chemical characterization
Initially, characterizations were based on information supplied on in-house hazardous materials forms by the investigators who generated the waste. Subsequently, the chemical compositions of suspected mixed wastes were analyzed by gas chromatography (GC) .$ Samples were prepared by low-speed centrifugation (9000 X g for 5 min), and 1.0-pL aliquots of the sediment-free supematant were then injected on-column onto a capillary column." The temperature was held at 35°C for 5 min and then increased to 25OOC at a rate of 10°C min-'. A flame ionization detector (FID) set at 250°C was used. Helium camer gas and air were both supplied at 4.1 atm (60 psi) while H2 (for the FID) was supplied at 2.7 atm (40 psi).
Unknown peaks were putatively identified by co-migration with standards (analytical grade methanol, ethanol, dichloromethane, chloroform, carbon tetrachloride, benzene, and phenol) and confirmed by gas chromatography/mass spectrometry (GC/MS)' under conditions similar to those used for GC alone.
Adsorption and extraction procedures
Activated charcoal, mesh size 8,4, and 3 Angstrom molecular sieves,' and a synthetic resin* * were evaluated for their ability to retain, adsorb, or otherwise partition the radioactive components from our mixed wastes. Activated charcoal was mixed directly into 10-mL aliquots of the waste at charcoa1:waste ratios (g:mL) of l:lO, 1 5 , .
25
; molecular sieves were similarly tested. Crude resin < was first purified according to the manufacturer's rec-.-.I ommendations; Le., 100 g of resin were sequentially extracted for 8 h and then for 14 h with two 200-mL portions each of methanol, dichloromethane, hexane, and acetone, respectively. The purified resin was stored under acetone until used. After purification, the resin was packed in 50-mL (65.25 cm X 1.25 cm) and 100-mL (69.85 cm X 1.43 cm) glass columns and the residual acetone removed fiom the resin by extraction with 10 bed volumes of deionized distilled water. Samples of mixed wastes were chromatographed at a flow rate of approximately 1-2.5 mL min-' and column eluent was collected every min for the first 30 min, and every 10 min thereafter. Fractions were subsequently analyzed for radioactive and chemical composition as described earlier. Liquidliquid extractions with water, ethanol, and aqueous sodium dodecyl sulfate (SDS) were also tested as was the precipitation of phenol from aqueous solutions by acidification with 1 M HCI.
Evaporation and distillation
Volatility of the radioactive components was initially estimated by counting 0.1 mL of each mixed waste and then evaporating similar samples to dryness in glass minivials inside a fume hood. Dried samples were re-solubilized overnight in 6.0 mL of scintillation fluidtt and assayed again for radioactivity. Mixed wastes that either released or retained a large proportion of their initial radioactivity were further evaluated by distillation and flash evaporation. A ground-glass distillation apparatus** (with an electric heating mantle and cold water jacket condenser) and a rotary flash evaporator# were used. Multiphased mixtures were separated first in a long neck s e p aratory funnel and each phase distilled or evaporated s e p arately; individual runs contained about 500 mL. Heat was applied continuously to the distillation flask and product from each plateau region was sampled. Highly volatile vapors from the rotary evaporator were collected in a dry ice/ethanol trap. The temperature and duration of plateau regions were recorded and the fractions analyzed for chemical composition and radioactivity.
All operations were performed inside a fume hood using personal protective equipment appropriate to the hazards, Le., gloves, goggles or face shield, coat or apron, and chemically resistant sleeves. [See Barker and Coletta ( 1986) , Coydan et al. ( 1987) , and Schwope et al. ( 1987) for guidance in selecting protective equipment.] Most wastes were only slightly contaminated but still considered radioactive, e.g., c3.7 kBq mL-' (c0.1 pCi mL-' ). Several individual items contained significant levels of radioactivity, e.g., 370-925 kBq mL-' ( 10-25 pCi mL-'). Since frequency distributions for radioactive concentration by chemical group showed highly skewed distributions, the median is also included in Table I Phenol/chloroform waste consisted of two phases of approximately equal volume. The upper, aqueous phase (Fig. 2a) contained water, methanol, and phenol (approximately 6096,308, and 1096, respectively); the lower, organic phase (Fig. 2b) contained chloroform, phenol, and methanol (approximately 60%, 258, and 15%, respectively). Phenol, chloroform, and 1: I mixtures of these chemicals are routinely used in molecular biology to extract nucleic acids and denature proteins that remain after treatment with enzymes. Distillation of the aqueous phase ( 50-90°C) distributed radioactivity and phenol in both the distillate, approximately 1.5 kBq mL-' (0.04 pCi mL-', 3-5% phenol), and the still bottom, approximately 3.7 kBq mL-' (0.1 pCi mL", 5-7% phenol). This result was unexpected since there are large differences in the boiling points of methanol, water, and phenol (64.7, 100, and 182"C, respectively). Other methods for removing phenol or radioactivity from the aqueous phase are described below. Distillation of the highly volatile organic phase (40-90°C) resulted in a distillate that was 295% chloroform and essentially nonradioactive, leaving behind a concentrated, radioactive still bottom. Although it contained only 10-20% of its original volume, the still bottom was enriched in phenol and other higher molecular weight organic contaminants, and thus must continue to be classified as mixed waste. The acetonitrile/water mixtures (Fig. 3 ) also contained methanol, acetic acid, and traces of dimethylformamide. These wastes were probably generated by the purification of radiolabeled proteins and lipids by high performance liquid chromatography ( HPLC) . Distillation and flash evaporation (70-90°C) yielded a nonradioactive distillate of acetonitrile, methanol, and water that can be disposed of as aqueous chemical waste. Radioactivity concentrated in the still bottom, which also contained very dilute (1-5%) methanol and acetic acid that could be disposed of as aqueous radioactive waste, i.e., sanitary sewer disposal as permitted under 10 CFR Part 20.30 1. The still bottom was approximately 40-50% of the original waste volume.
The complex group of miscellaneous solvents (Fig.  4) appeared to be the result of the consolidation of smaller volumes of chemically compatible waste solvents generated by routine organic chemistry. Although efforts are made to educate researchers on the importance of segregating their wastes, the practice of combining different waste chemicals continues to occur, albeit infrequently (0.3% of the volume of all liquid waste streams). The principal source was a laboratory that synthesized large amounts of tritiated lipids, generating mixtures of radioactive contaminated chlorinated methanes (including chloroform and carbon tetrachloride), alcohols, benzene, ;
and scintillation fluids that were toluene-and pseudocumene-based. The inherent toxicity of many of these materials makes their handling dangerous, and therefore they were not studied beyond characterization. Adsorption and extraction experiments with both phenol/chloxoform and acetonitrile/ water mixtures were only partially successful since large amounts of adsorbent materials were required to remove even small quantities of radioactivity. Activated charcoal and molecular sieves quickly saturated with water and organic chemicals and did not remove sufficient amounts of radioactivity. Upon addition to a slightly contaminated mixed waste (acetonitrile/water with 0.074 kBq mL-' or 0.002 pCi mL-l), activated charcoal could remove only 50% of the radioactivity, and the addition of larger amounts of activated charcoal turned most mixed wastes into thick slumes. Liquid:liquid extractions with water, saturated SDS, and ethanol reduced the radioactive concentrations of all mixed waste groups by up to tenfold but could not achieve the three orders of magnitude reduction needed to reach background.
The relatively inexpensive XAD resin, however, was very effective for removing hazardous chemicals from aqueous solutions. In fact, for the aqueous phase of phenol/chloroform, it adsorbed nearly 100% of the phenol and other trace organics, eluting a radioactive solution containing only water and a trace of methanol that can be disposed of as aqueous radioactive waste. The resin retained at least its own weight in phenol. The dimensions of the column did not influence the effectiveness for removing phenol since both the 50-mL and 100-mL packed resin columns were equally effective. While the spent resin contained only a minute amount of radioactivity (two to three times background levels), co-contamination with phenol means that it must be disposed of as chemical waste. Phenol can also be removed from aqueous solutions by low pH precipitation. The optimal final pH is about 3, resulting in nonradioactive solid phenol and an aqueous radioactive supernatant that is suitable for sewer disposal after neutralization. However, this method of phenol re+, moval is not as effective as adsorption onto resin because I precipitation yields very fine phenol particles that are dif-' ficult to remove by filtration.
A variety of other techniques are available for treating and destroying hazardous chemicals (e.g., Hackman 1978; Lunn and Sansone 1990; National Research Council 1983; Scholze et al. 1988; Suciu et al. 1986; Tedder and Pohland 1990 ). Most are biological or chemical oxidations that utilize either adapted microorganisms or strong oxidizing agents such as KMn04 and iron catalyzed H202.
While many of these procedures are reportedly effective, most are time consuming and expensive due to the high reagent-to-waste ratios needed for chemical destruction. If deregulated, high temperature incineration, as currently used for many nonradioactive hazardous wastes, also would be effective for most biomedical mixed wastes.
CONCLUSIONS
Over the past two decades, laboratory protocols for biomedical and basic biological research have been progressively scaled down from the liter to milliliter to microliter scale, reducing both reagent costs and the volume and radioactivity of resulting wastes. Advances in enzymecatalyzed in vitro procedures, e.g., polymerase-catalyzed reactions, reverse transcription, nick translation, the availability of high specific activity radioactive precursors, and a larger array of commercially available radiolabeled compounds have helped supplant many of the less efficient in vivo radiolabeling techniques. The improving sensitivity of many nonradioactive assays may further minimize waste generation. Nonetheless, the use of radioactivity is widespread in biomedical research, and generation of mixed wastes will continue into at least the near future.
Many of the mixed wastes generated during biomedical research can be effectively managed with a series of relatively simple, albeit labor intensive. steps. Waste segregation and proper labeling by the original generator is essential to ensure that waste streams are separate and not pooled unnecessarily as "organic solvents" or "unknowns." The chemical and radioactive compositions of mixed wastes must be known before an effective treatment plan can be implemented. Simple chemical and physical treatments could convert a large fraction (in our case, over 65% ) of these wastes to nonradioactive chemical and radioactive aqueous wastes, both of which can be disposed of in accordance with existing regulations. Wastes for which there is no disposal outlet, and thus must be stored on-site indefinitely, should be kept in a controlled ambient temperature environment in chemically resistant containers. Further containment in troughs or trays to minimize any leaks or spills is mandatory. Also, chlorinated wastes should be stored in darkened glass bottles to prevent photodegradation and the potential production and release of phosgene gas.
Presently, regulations do not provide for a disposal outlet for mixed wastes nor do they allow for extended on-site storage. The principal deterrent to the widespread adoption of mixed waste treatment procedures for anything larger than bench-scale experiments is the need to obtain a RCRA Part B permit for licensure as a treatment, storage, and disposal facility (40 CFR Part 270.13), the requirements for which are difficult and expensive to meet, especially for small-volume generators. Only a small fraction of all treatment, storage, and disposal facilities listed with the EPA are holders of RCRA Part B permits. Approximately 200 of the commercial and institutional EPA-listed generators of hazardous chemical waste have Part B permits, but only a very small fraction of these have RCRA-permitted waste incinerators. The EPA should consider variances from the RCRA Part B permit requirement for small generators.
While treatment of mixed waste is not allowed without a permit under existing regulations, until other disposal options are available or the NRC or EPA deregulates these wastes, on-site treatment will remain the only option September 199 I , Volume 6 1, Number 3
for dealing with this waste. Since most institutional mixed wastes pose insignificant radiological hazards, deregulation similar to that for liquid scintillation fluids would permit their disposal as chemical waste (by incineration) and immediately eliminate a large fraction of the biomedical mixed waste inventory. This would improve mixed waste management over the current, illegal practices of longterm on-site storage, sewer disposal, or disposal as "nonradioactive" chemical waste; incentives for minimizing mixed waste generation would remain since the total volume of regulated waste would not change.
